The rhadinovirus herpesvirus saimiri (HVS) as a gene delivery vector allows large DNA insertions and long-termed gene expression. In the case of T-cell transduction, such vectors use the viral transformation-associated genes of HVS C488 for T-cell amplification. In this report, we investigated whether the gene for the catalytic telomerase subunit human telomerase reverse transcriptase (hTERT) can substitute for the transformation-associated genes in rhadinoviral T-cell transduction and amplification. By using virus mutants generated by en passant mutagenesis from bacterial artificial chromosomes, we observed a very early and functional transgene expression even by virus mutants without transformation-associated genes. The markers of T-cell transformation by HVS, namely CD2 hyperreactivity, overexpression of interleukin-26, and of the tyrosine kinase Lyn could neither be induced nor enhanced by ectopic hTERT expression. When the viral transformation-associated genes were replaced by the hTERT gene, it was not sufficient for growth transformation, although hTERT was efficiently transduced and functionally expressed by the rhadinovirus vector. Thus, the transformation-associated proteins StpC and Tip are responsible for the T-cell phenotype after transduction by HVS and, additionally, modulate telomerase activity independently of hTERT expression.
Introduction
T-cell-mediated adoptive immunotherapy is laborious because of several reasons, such as inefficient transduction, suboptimal transgene expression or the limited life span of T lymphocytes in vitro. One explanation for the latter case may be the progressive telomere erosion by 50-200 bp in each cell division, leading to replicative senescence in somatic cells and T cells, unless telomerase is reexpressed. 1 Telomerase consists of an RNA template and a catalytic subunit, human telomerase reverse transcriptase (hTERT). 2 It is naturally present in germ cells, fetal tissues, inflammatory cells and in most tumor cells, but not in somatic cells. Telomerase activity is induced in activated T cells in vivo, and can therefore sustain the telomere length and replication capacity during acute immune response and, thus, provide long-term memory. 3 hTERT is responsible for telomere maintenance in immune cells. 4 Ectopic hTERT expression in various human cell types including T lymphocytes reconstitutes telomerase activity, prevents telomere erosion and extends the life span of these cells without altering their functional and phenotypic properties. [5] [6] [7] [8] [9] [10] Although antigen-specific T cells are rescued from apoptosis during primary activation by telomerase expression, repeated antigenic stimulation leads to telomere shortening due to the loss of telomerase inducibility. 11, 12 T-cell memory erosion has an important role in chronic infections related to severe pathology, especially in elderly individuals and in immunosuppressed patients. Hence, hTERT may be useful to circumvent the limitations of various therapeutic T-cell applications.
Herpesvirus saimiri (HVS) belongs to the subfamily of g 2 -herpesviruses or rhadinoviruses. In contrast to the apathogenic persistence of HVS in its natural host, the squirrel monkey Saimiri sciureus, infected New World primates of other species develop fulminant lymphoproliferative disorders. HVS strains can be assigned to three subgroups, namely A, B and C, according to their oncogenic potential and their transformation-associated genes localized close to the left end of the genome. HVS C488 consists of an L-DNA coding for viral proteins which is flanked by noncoding repetitive sequences, termed 'H-DNA'. [13] [14] [15] HVS strains of subgroup C such as C488 can transduce primary human T cells to stable proliferation, whereby the viral genomes are maintained as episomes in high copy numbers. 14, 16 The transformation-associated genes, tyrosine kinase-interacting protein (tip) and saimiri transformation-associated protein of subgroup C (stpC) are located at the left end of the L-DNA. 17, 18 They are translated from a single bicistronic mRNA, and their transcription can be induced by T-cell activation. 19 Although these genes are dispensable for virus replication, their deletion abolishes the transformation capacity of HVS C488. 20, 21 Furthermore, growthtransformed human T cells do not release infectious viruses. Similar to activated T cells, HVS-transformed T cells exhibit telomerase reverse-transcriptase (RT) activity. 22 Moreover, they retain most of the parental T-cell properties, such as surface phenotype, major histocompatibility complex-restricted antigen recognition, interleukin-2 (IL-2)-dependent growth and early signal transduction events, suggesting the possible use of HVS as T-cell vectors for heterologous gene expression. 14, [23] [24] [25] By rhadinoviral vector-mediated transduction of primary T cells, we achieved efficient long-term expression of the suicide gene thymidine kinase and the targeted elimination of transduced T cells upon low doses of ganciclovir. 23 Consistent with these results, the reinfusion of transduced autologous T cells in macaques was well tolerated without the occurrence of lymphoproliferative disease. 26 In addition to T-cell applications, HVS vectors have been suggested for various other applications. 25, [27] [28] [29] [30] This led us to the conclusion that rhadinoviral vectors could be beneficial even for clinical usage, if the potential for oncogenic transformation was excluded.
In this study, we investigated whether hTERT could substitute for transformation-associated genes and facilitate growth transformation by sustaining telomerase activity in T cells. In a similar genomic position, the transforming genes of HTLV (human T-cell leukemia virus type I) had been characterized previously for their capability to replace the transforming functions of HVS. 31 Thus, we generated two mutants of HVS C488 by redmediated recombination 32 of a cloned bacterial artificial chromosome (BAC). These virus mutants carry the hTERT expression cassette at the right end of the L-DNA and with or without the stpC/tip gene (orf1) at the left L-DNA end. As HVS-transduced T cells exhibit a few specific properties such as CD2 hyperreactivity, 33 elevated IL-26 34 and Lyn expression, 19, 35 we analyzed the influence of the stpC/ tip deletion (Dorf1) on these properties and concluded that hTERT could not substitute them in this phenotype, although hTERT was functionally expressed after transduction. The interaction of StpC with Ras and tumor necrosis factor-associated factors leading to nuclear factorkB activation, in addition to the association of Tip with signal transducers activators of transcription and tipassociated protein, are crucial for the facilitated growth transformation of human T lymphocytes. 36 Thus, hTERT seems to act independently of viral oncogenes without covering their full functional spectrum.
Results

Recombinant HVS vectors for hTERT expression
The recombinant BAC HVS/Bac-A4 was constructed from five overlapping cosmids to enable the efficient generation of virus mutants. 25, 37 The markerless release of the enhanced green fluorescent protein (EGFP) cassette and the reconstitution of the original virus sequence was achieved by en passant mutagenesis. 38, 39 For constructing RT-hTERT BAC488, the expression cassette for hTERT was inserted into orf75 by homologous recombination. Dorf1RT-hTERT BAC488, the stpC/tipdeletion mutant of RT, was also generated by en passant mutagenesis (Supplementary Figure S1b) . Recombinant BAC clones were analyzed for genome integrity (Supplementary Figure S2a) . Recombinant BAC DNA molecules HVS BAC488, RT-hTERT BAC488 and Dorf1RT-hTERT BAC488 were transfected into subconfluent permissive owl monkey kidney (OMK) cells to derive the virus mutants WT f , RT and Dorf1RT, respectively, which were analyzed to prove the genome integrity after reconstitution (Supplementary Figure S2b) . These techniques allowed the highly efficient, precise and rapid generation of virus mutants.
Expression of hTERT, IL-26 and Lyn in transduced T lymphocytes
Although HVS-transformed T cells retain many essential T-cell functions, they show a few altered properties. First, they overexpress the Src-protein kinase p53/56 lyn which has an important role in the differentiation and activation of B cells. 19, 35, 40 This protein is enzymatically active in HVS-transduced T cells and also in T cells immortalized with HTLV-I. 41 Second, a novel cellular gene ak155 (IL-26) was identified, which is overexpressed by HVS C488-transduced cells and the product of which (IL-26) is also secreted from the cells. 34 We wanted to know whether IL-26 and Lyn are also overexpressed in RT-and Dorf1RT-transduced T cells. Therefore WT f -, RT-, Dorf1RT-and mock-infected T cells were harvested 1, 3 and 5 weeks post infection (wpi), whereby the Dorf1RT-and mock-infected cells needed the restimulation with irradiated feeder cells at 3 wpi. We analyzed the respective transcripts by RT-PCR and compared the viral gene and transgene expression semi-quantitatively over a 4-month period (Figure 1) . The obtained signals were quantified by fluorimetric analysis and normalized to the transcript levels of glyceraldehyde-3-phosphate dehydrogenase (gapdh). Changes were determined for 1, 3 and 5 wpi relative to mock-infected controls, as well as for 16 wpi relative to WT f . The viral (orf75, stpC) and transgene (hTERT) transcript levels were consistently higher than the cellular counterparts (IL-26, lyn). The high hTERT transcript levels at 1 wpi were comparable in RT and Dorf1RT, which decreased at the 3-wpi time point. After feeder-cell stimulation of Dorf1RT-transduced T cells, hTERT levels were elevated (Figure 1b , 5 wpi), and in RTtransduced T cells, this increase was remarkably higher without any external stimulation at 5 wpi. On the other hand, the transcript levels seemed to be constant over this time period for WT f and only slightly elevated in comparison with mock-infected cells, as expected. Until the 5-wpi time point, hTERT transcript levels were constantly higher than viral transcript levels and decreased slightly by 16 wpi. The cellular gene transcript levels did not display fluctuations over a 4-month period, which seem to indicate that hTERT expression does not have an additive or substitutional effect on IL-26 and Lyn in RT-or Dorf1RT-transduced T cells early after infection. We conducted three independent experiments with T-cell lines generated from different donors and observed similar results (data not shown). Thus, ectopic hTERT expression does not substitute for stpC/tip or augment the transformed T-cell phenotype.
Functional and early telomerase expression in HVS-transduced T cells
To determine the functionality of the hTERT-transgene expression that was observed already at early time
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T Toptan et al points, we measured the telomerase activity in transduced T cells by telomeric repeat amplification protocol (TRAP) assays. TRAP ladders observed at 1 wpi ( Figure 2 , lanes 1-4) correlated with the findings of others that T cells do exhibit telomerase activity at different stages of differentiation and activation. 4 Moreover, telomerase activity in RT-transduced T cells was consistently higher than in WT f -, Dorf1RT-and mocktransduced cells at 1 and 3 wpi. We detected comparable telomerase activity for Dorf1RT-and mock-infected T cells at 3 wpi ( Ectopic hTERT expression cannot sustain HVS C488-specific CD2 hyperreactivity CD2 is a T-cell surface molecule that fine-tunes T-cell activation upon binding to its ligand CD58 (LFA-3). Various roles have been proposed for CD2 such as an adhesion molecule, thereby reducing amounts of antigen required for T-cell activation, as a costimulatory molecule, or a direct promoter of T-cell activation. Hyperresponsiveness to CD2 ligation contributing to spontaneous proliferation is a striking property of HVStransformed T cells.
We wanted to analyze whether hTERT together with stpC/tip or alone has an influence on this function. Therefore, at 3, 5 and 8 wpi, transduced T cells were incubated with L428 (CD58+) and A20 cells (CD58À, Fcg receptor+) under varying conditions ( Figure 3 ). We detected higher amounts of interferon-g (IFNg) in WT fand RT-transduced cells at 3 wpi and only when combined with ConA (Concanavalin A). However, WT f -and RT-transduced cells clearly responded to CD58 binding alone as expected, and this could be blocked by anti-CD2 at 5 wpi ( Figure 3 , 5 wpi). On the other hand, cross-linking of anti-CD2 by A20 cells also induced IFNg production in comparison with A20 alone. This effect was preserved by WT f -and RT-transduced For Dorf1RT-and mockinfected cells, the IFNg production levels were comparable, pointing out that Dorf1RT-transduced cells do not retain the C488-typical CD2 hyperresponsivity and that hTERT expression has no influence on this property.
Ectopic telomerase expression does not lead to growth transformation of T cells
Although ectopic hTERT expression prevents telomere erosion and facilitates proliferation in some cell types without induction of transformation, [5] [6] [7] [8] [9] [10] it has been reported that mice with transgenic expression of mouse TERT are susceptible to tumor development. 42 To some extent, telomerase activity may be associated with tumor development as some tumor cells show elevated telomerase activity and can still maintain long telomeres without pronounced telomerase activity. Moreover, initial tumor formation can occur independently from telomerase activation. 43 We investigated the effects of rhadinoviral vector-mediated hTERT expression on the life span and the phenotype of transduced T cells in comparison with mock-infected controls (Figure 4) . Therefore, Dorf1RT-and mock-infected cells were cultivated with or without stimulation for 10 weeks. The cells were stimulated at 2 and 6 wpi with irradiated feeder cells either in combination with the mitogen ConA or without, and cell-proliferation profiles were compared with WT f -and RT-transduced T cells which were cultivated without any external stimuli (Figures 4a and  b) . In parallel, WT f -and RT-transduced cells were cultivated in T-cell medium with or without IL-2 to determine whether RT-transduced T cells could maintain IL-2-dependent proliferation similar to WT f -transduced T cells (Figure 4c ).
Transduced and mock-infected T cells showed similar proliferation rates until 2-3 wpi. Without any stimulation, Dorf1RT-and mock-infected cells quickly stopped proliferating and their response to feeder-cell stimulation with or without mitogen combination was limited (Figure 4a ). On the other hand, WT f -and RT-transduced cells proliferated only in the presence of IL-2 ( Figure 4c) . We observed that RT-transduced T cells showed a 
Discussion
HVS as a T-cell vector persists episomally without integrating into cellular chromosomes and allows longtermed and stable transgene expression. In comparison with retroviral vectors, these features seem to be advantageous. However, for possible therapeutic applications, the viral oncogenes should be avoided which are required for growth transformation by HVS C488. In this report, we investigated whether the HVS transformationassociated genes stpC/tip can be substituted with hTERT as ectopic expression of hTERT in somatic cells including T lymphocytes can prevent telomere shortening and extend the life span of these cells without altering their phenotype. 5-10 Therefore, we expressed hTERT in human T cells of different donors using recombinant viruses based on HVS C488, irrespective of harboring the viral oncogenes.
Red or RecET recombination systems provide novel means for in vivo recombineering and allow homologydependent recombination-mediated genetic engineering with large DNA molecules. By en passant mutagenesis, 39 a modified two-step red-recombination method, we were able to reconstitute the original viral sequence, yielding HVS BAC488. Thereafter, viral oncogene-deletion mutants were generated by the same method, which enabled the precise and efficient constitution of virus mutants.
It was reported that high levels of sustained telomerase activity may be required for telomere elongation and prolonged life span of transduced T cells. 44 Although we observed early transgene transcription and functional activity in hTERT-transduced T cells (Figures 1 and 2 ) in our experiments, hTERT transcript levels seemed to be reduced at week 5 in Dorf1RT-transduced T cells, whereas transcript levels of the orf75 fragment adjacent to H-DNA were sustained. Moreover, WT f -and RT-transduced T cells had similar activity but different mRNA levels. On the other hand, the sustained high levels of hTERT transcripts in RT-transduced T cells did not have any remarkable influence on the resulting telomerase activity. Corresponding to our results, a decline of telomerase activity was found during stable hTERT transcription rates; 45 moreover, the upregulation of telomerase activity was independent of changes in hTERT expression levels in several neoplastic and normal cell types. 46 The observations suggest that the transcriptional regulation of hTERT alone is not sufficient for telomerase activity and that posttranslational events such as phosphorylation and nuclear translocation has a role in the control of telomerase activity. 47 In fact, we expected to cultivate Dorf1RT-transduced T cells for longer periods than mock controls; however, hTERT substitution alone was not sufficient to sustain facilitated growth and, therefore, Dorf1RT-infected T cells ceased to proliferate after a similar number of divisions as mock-infected control cells and could be further cultivated only with feeder-cell stimulation alone or combined with mitogen (Figures 4a and b) . It is possible that cellular senescence is triggered by a telomereindependent pathway as several studies have shown that hTERT alone is not enough for immortalization of other human cell types, and that telomerase activity does not always imply telomere elongation which is necessary for extended life span in these cells. [48] [49] [50] Slightly elevated proliferation rates of RT-transduced T cells over a minimum of a 3-month period is probably due to higher hTERT expression and telomerase activity in RT-transduced T cells. Moreover, ectopic hTERT expression in the presence of viral oncogenes did not induce any altered phenotype as the transduced T cells ceased expanding in the absence of IL-2 (Figure 4c ). RT-and WT f -transduced T cells also did not produce any vector-virus particles, because culture supernatants collected from these cells did not induce any plaque formation when cultivated with permissive OMK cells (data not shown).
The loss of response to feeder-cell stimulation and proliferation observed at 6 wpi may be due to the downregulation of costimulatory molecules such as CD28 or cytokine receptors, which may influence the responsiveness to TCR-mediated activation. 51 The lack of CD2 hyperreactivity ( Figure 3 ) can also have a role in the limited cultivation periods of Dorf1RT-infected T cells. Thus, the presence of StpC and Tip and their interaction with divergent cellular proteins acting synergistically in nuclear factor-kB activation, are essential for human T-cell growth transformation 52 and apparently for CD2 hyperreactivity, IL-26 and Lyn overexpression which could not be sustained by hTERT expression alone.
Promoter silencing leading to loss of transgene expression due to epigenetic alterations of the transcriptional state of these genes could be a possible explanation. Epigenetic modification patterns of HVS were recently investigated in latently infected T cells. 53 The terminal H-DNA and stpC/tip regions showed an accessible chromatin structure correlating with the transcriptional activity of viral genes during the latency.
We conclude that the substitution of stpC/tip with hTERT under these experimental conditions is not sufficient to retain the altered phenotype of HVStransformed human T cells, regarding CD2 hyperreactivity, IL-26 and Lyn overexpression and, thus, these phenotypic markers are acquired through complex downstream signaling events, which are dependent on transformation-associated genes. Ectopic expression of hTERT together with stpC/tip also did not enhance phenotypic transformation. Thus, telomerase activity is apparently only one of the several functions induced by the viral oncogenes stpC/tip and not sufficient for T-cell transformation from rhadinoviral vectors.
Materials and methods
Cells and cell culture
OMK and T-cell cultures were performed as described previously. 40 Permissive OMK cells (CRL-1556, American Type Culture Collection, Manassas, VA, USA) used for virus propagation were kept in Dulbecco's modified Eagle's medium (PAA, Cö lbe, Germany) supplemented Rhadinoviral telomerase expression in T cells T Toptan et al with 10% heat-inactivated fetal calf serum (FCS), L-glutamine and penicillin/streptomycin (PAA). Virus stocks were generated by infecting 60-80% confluent OMK cells with a low multiplicity of infection of B0.1. After complete lysis of the infected OMK culture, precleared supernatant was kept at À80 1C. Human peripheral blood mononuclear cells were isolated from buffy coats by Ficoll gradient centrifugation (Biochrom, Berlin, Germany) and resuspended in RPMI 1640 medium (PAA) containing 10% heat-inactivated FCS and 4 mg ml À1 ConA (Sigma, Taufkirchen, Germany). The next day, one volume of T-cell culture medium containing 45% RPMI 1640, 45% Panserin-401 (PAN Biotech, Aidenbach, Germany), 10% heat-inactivated FCS, L-glutamine, penicillin/streptomycin and 50 Units ml À1 IL-2 (Proleukin, Chiron, Munich, Germany) was added. On day 3-5 after stimulation, T cells were transduced with recombinant viruses. The spinoculation protocol of human lymphocytes was described elsewhere. 24 In brief, 2 Â 10 5 lymphocytes were mixed with B10 5 infectious virus particles and centrifuged at 400 Â g, 26 1C, for 2 h (Heraeus Biofuge Fresco, Thermo Scientific, Dreieich, Germany). At 2-3 wpi, 5 Â 10 4 Dorf1RT-hTERT-BAC488-and mock-infected T cells were restimulated with g-irradiated (120 Gy) human feeder cells in 1:1 ratio in 96 round-bottom plates. The human B-cell lymphoma line Daudi, the human Hodgkin's lymphoma line L428 and the murine B-cell line A20 were cultivated in RPMI 1640 with 10% heat-inactivated FCS, L-glutamine and penicillin/streptomycin.
Vectors and recombinant viruses
The BAC EGFP-BAC488 was created by cotransfection of a set of five cosmids covering the full HVS C488 genome. 37 The pBeloBAC11 vector (Invitrogen, Karlsruhe, Germany) was linearized with SalI to remove the cos and loxP sites. The remaining mini-F vector components were cloned into a unique KpnI restriction site of cos261 within the dispensable HVS C488 orf14. The fragment containing EGFP under the control of the human cytomegalovirus IE1 enhancer/promoter was inserted into the SwaI restriction site in cos331 between orf2 and orf3. The set of five linearized cosmids containing the mutated cos261 and cos331 were cotransfected in OMK cells and the recombinant HVS/Bac-A4 virus was generated. Episomal viral DNA from infected OMK cells carrying the EGFP gene and the mini-F sequence was electroporated in competent DH10B Escherichia coli cells and the viral genome was cloned as a BAC.
For the markerless release of the EGFP expression cassette and for the seamless reconstitution of the original viral sequence at this position (SwaI; nucleotide position 5650-5657, between orf2 and orf3) through en passant mutagenesis, 38 100-200 ng of HVS/Bac-A4 DNA was transferred into recombination and electrocompetent E. coli GS1783 cells. 39 Briefly, a transfer construct was generated by PCR amplification of the kanamycin resistance gene aphAI and the I-SceI homing endonuclease cleavage site of the pEPkanS2 vector 38 using the following polyacrylamide gel-purified primers that carry 50 bp genomic duplications flanking the EGFP cassette in EGFP-BAC488: 5 0 -CAAAA ATAAAACAACAGTTTGTATTAATTTATCTTACCACCAT TTTATTTAAATAAGCAGAGTAAGTATTTTTAGTAGGGA TAACAGGGTAATCGATTT-3 0 and 5 0 -GATTTGAATATTA CTTAAACTCCTACTAAAAATACTTACTCTGCTTATTT AAATAAAATGGTGGTAAGATAAATTGCCAGTGTTACA ACCAATTAACC-3 0 (Biomers, Ulm, Germany). Subsequently, the EGFP fragment was substituted by the aphAI and I-SceI site fragment by homologous recombination in the first red-recombination step. The seamless removal of the kanamycin cassette was achieved by induction of I-SceI expression during the second red-recombination step through arabinose induction. Recombinant HVS BAC488 clones were selected on chloramphenicol-containing LB (lysis buffer without cell extract) plates, screened by colony PCR and proved by restriction endonuclease and sequence analysis.
The recombination vector containing the hTERT reading frame (kindly provided by Dr Marco Migliaccio, Lausanne) flanked by the murine phosphoglycerate kinase-1 (pgk-1) promoter and termination, homologous viral sequences for recombination, and a bleomycin (Zeocin, Invitrogen) selection marker was generated in the pCRII-TOPO vector (Invitrogen) and kindly provided by Dr Mirko Kummer (Erlangen). For constructing HVS BAC488 mutants carrying hTERT at the right end of the L-DNA (RT-hTERT BAC 488), the recombination vector was linearized with PmeI and the B7 kb fragment (300-500 ng) was inserted into the nonessential orf75 by homologous recombination 54 deleting the respective genome sequence (115 507-116 209) by electroporation at 15 kV cm À1 , 25 mF, 200 O in electrocompetent E. coli GS1783. Recombinant BAC clones were selected on bleomycin-and chloramphenicol-containing plates and screened as described above.
Dorf1RT-hTERT BAC488, the stpC/tip-deletion mutant of RT, was generated by en passant mutagenesis with the primers 5 0 -GCATTTCTTTTAATCACCATGCACACACA TTTGTTAACAGTTTTGTTACATTTTTTCAAGACTGTT TGTGTTGCTTAGGGATAACAGGGTAATCGATTT-3 0 and 5 0 -AGTAACACAAGAAACAGCTAACAAGAGCAACAC AAACAGTCTTGAAAAAATGTAACAAAACTGTTAAC AAATGTGGCCAGTGTTACAACCAATTAACC-3 0 (Biomers) containing 50 bp duplications flanking stpC/tip, as described above. Recombinant BAC clones were selected on LB plates with appropriate antibiotics and screened as described above. Recombinant HVS BAC488, RT-hTERT BAC488 and Dorf1RT-hTERT BAC488 DNA molecules were transfected into subconfluent permissive OMK cells using lipofectamine (Invitrogen) to derive the recombinant viruses WT f , RT and Dorf1RT, respectively. The virus titers were determined by plaque assay using the limiting dilution method. 40 DNA, RNA and cDNA analysis BAC DNA for transfections was prepared with the Qiagen Maxi Preparation kit (Qiagen, Hilden, Germany). Small-scale BAC or plasmid DNA preparation was performed by a modified alkaline lysis protocol. 55 Onesixth of the BAC DNA isolated from 5 ml of infected culture was digested at 37 1C for 6-24 h with EcoRV or SacI, separated on a 0.7% agarose gel, and visualized with ethidium bromide. Reconstituted viral DNA was isolated from infectious culture supernatant of OMK cells after lytic replication. The harvested supernatant was centrifuged at 620 Â g for 10 min at room temperature (Heraeus Multifuge, 4KR, swing-out rotor, Thermo Scientific) to remove cellular debris. Virus particles were sedimented at 17 000 Â g for 2 h at 4 1C (Heraeus Biofuge Fresco) and treated with 10 Units of DNase I (Roche,
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Mannheim, Germany) to digest cellular and free virus DNA for 30 min at 37 1C. The enzyme was heat inactivated for 15 min at 75 1C, and subsequently the virus DNA was isolated using the DNeasy Kit (Qiagen). After ethanol precipitation, the DNA was resuspended in water and digested with SacI overnight at 37 1C. DNA fragments were separated on agarose gels. Total RNA was prepared from T cells using Trizol (Invitrogen). The samples were further treated with 5 Units DNase I and heat inactivated before reverse transcription. cDNA synthesis was performed by Superscript II reverse transcriptase (Invitrogen) with an oligo dT primer, followed by the amplification of cDNA with phusion polymerase (Finnzyme, Espoo, Finland) using primer pairs specific for gapdh (5 0 -GCAGGGGGGA GCCAAAAGGG-3 0 and 5 Fluorimetric analysis was performed using the digital data generated by recording fluorescence signals with a CCD camera system (Intas, Göttingen, Germany).
CD2 hyperreactivity
In the CD2 hyperreactivity test, 19, 33 5 Â 10 4 transformed T cells were incubated alone or in the presence of an antibody and/or 5 Â 10 4 stimulator cells in 200 ml of complete RPMI 1640 medium in flat-bottom wells. The rat monoclonal antibody 39C1.5 (anti-CD2, Beckman Coulter, Krefeld, Germany), recognizing the human T11.1 CD2 epitope, was used in stimulation and blocking assays at 1 mg ml
À1
. L428 cells were applied as a source of cell-bound CD58, which binds to CD2. A20 cells do not provide functional CD58, but carry large amounts of Fcg receptors used for cross-linking the stimulatory anti-CD2 antibody. Combined stimulation by mitogen ConA (1 mg ml
) and L428 cells served as a positive control. The supernatants were harvested after 24 h. The human IFNg concentrations in 1:50 diluted supernatants were detected by using the human IFNg Duoset development system (R&D Systems, Wiesbaden, Germany) by enzyme-linked immunosorbent assay. All assays were performed in triplicate.
Telomeric repeat amplification protocol
In the TRAP, 56,57 1-2 Â 10 6 cells were lysed in 80 ml icecold TRAP lysis buffer (10 mM Tris-HCl pH 7.5, 1 mM MgCl 2 , 1 mM EGTA, 0.5% 3-[(3-cholamidopropyl)-dimethyalmino]-propanesulfate (CHAPS), 10% glycerol) with 5 mM 2-mercaptoethanol and 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, a serine protease inhibitor, added freshly. After 20 min on ice, the lysates were centrifuged at 17 000 Â g, 4 1C for 30 min (Heraeus Biofuge Fresco). Protein concentrations of the precleared lysates were determined by the Bradford assay. In the first step of TRAP, the reaction mixture of 50 ml 1 Â TRAP buffer (20 mM Tris-HCl pH 8.3, 1.5 mM MgCl 2 , 68 mM KCl, 0.05% Tween 20, 1 mM EGTA in diethylpyrocarbonate-treated water), 0.5 mM dNTPs (Fermentas, St LeonRot, Germany), 0.1 mg CX primer (5 0 -CCCTTACCCT-TACCCTTACCCTAA-3 0 ), 0.1 mg TS primer (5 0 -AATCCG TCGAGCAGAGTT-3 0 ; Operon), 2 Units Taq polymerase (Fermentas) and 2 mg lysate was incubated at room temperature for 30 min. During the incubation period, telomerase adds a number of telomeric repeats (GGTTAG) to the 3 0 end of the substrate primer (TS). In the second step, the extended products were amplified by PCR using the TS and CX primers, generating a ladder of products with 6 bp increments. The following PCR conditions were used for amplification: 94 1C 2 min; 30 cycles of 94 1C 10 s, 50 1C 25 s, 721 C 30 s; finally 94 1C 15 s, 50 1C 25 s, 72 1C 60 s and 12 1C 5 s. The PCR product (25 ml) was run on a 10% nondenaturing polyacrylamide gel in 0.5 Â tris-borate-EDTA buffer. The gel was then stained with SYBR Green-I and the bands were visualized using a CCD camera (LAS 3000, Fuji, Tokyo, Japan).
